Coulomb blockade and Bloch oscillations in superconducting Ti nanowires 
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Quantum fluctuations in quasi-one-dimensional superconducting channels leading to spontaneous 
changes of the phase of the order parameter by 2n, alternatively called quantum phase slips (QPS), 
manifest themselves as the finite resistance well below the critical temperature of thin superconduct- 
ing nanowires and the suppression of persistent currents in tiny superconducting nanorings. Here 
we report the experimental evidence that in a current-biased superconducting nanowire the same 
QPS process is responsible for the insulating state - the Coulomb blockade. When exposed to RF 
radiation, the internal Bloch oscillations can be synchronized with the external RF drive leading 
to formation of quantized current steps on the I-V characteristic. The effects originate from the 
fundamental quantum duality of a Josephson junction and a superconducting nanowire governed by 
QPS - the QPS junction (QPS J). 

PACS numbers: 74.25. F-, 74.78.-w 



Since the early years of superconductivity zero resis- 
tivity and perfect diamagnetism were considered as the 
mandatory attributes of a superconducting state. Later 
it became clear that in sufficiently small systems ther- 
modynamic fluctuations of the order parameter may sig- 
nificantly broaden the superconducting phase transition. 
In particular case of quasi-one-dimensional (ID) super- 
conductors [l[ quantum fluctuations, also called quantum 
phase slips (QPS) .enable finite resistivity in nanowires 
3, 0, [3|, @, B 1 Bl , Hi and suppress persistent currents 
in tiny nanorings [9( , [lfj at temperatures well below the 
critical point. Quite recently it has been realized that a 
superconducting nanowire governed by quantum fluctu- 
ations is dual to a Josephson junction (JJ): the Hamil- 
tonians describing the two systems are identical with re- 
spect to parametric substitution Eqps <h- Ej, El <-> Ec, 
I o V/Rq and q O ip ll| . Hence, the extensively devel- 
oped physics, describing the behavior of a JJ, should be 
straightforwardly applicable to such nanowire - the quan- 
tum phase slip junction (QPS J). In the particular case 
of a current-biased QPSJ, it should exhibit the coherent 
charge oscillations qualitatively described by expressions 
similar to those of Bloch electrons in periodic potential of 
a crystal lattice. The experimental test of this prediction 
is the main objective of the paper. 




FIG. 1: Scanning electron microscope image of a typical sam- 
ple with high-Ohmic contacts enabling four-probe transport 
measurements and introduction of RF radiation. 



A conventional Josephson effect is observed in systems 
with coupling energy Ej = (Rq/Rn)(A/2) >• Ec and 
conductance G 3> 1/Rq, where Rq = 6.45 kCl, Rn is 
the junction normal state resistance and A is the super- 
conducting gap. In this limit the superconducting phase 
ip behaves as a classical variable. Application of exter- 
nal RF radiation with frequency fnp leads to formation 
of quantized voltage steps on the I — V characteristic - 
Shapiro effect: V n = h X (/rf /2e) x n, n = 0,1,2,... 
In the opposite limit, Ej <C Ec and G <C 1/Rq : the 



quasicharge q rather than ip is the classical quantity, and 
the Coulomb effects take over the Josephson coupling 
[HI; [HI- The experimental observation of the charge 
phenomena in JJs requires two conditions. First, the JJ 
capacitance C should be small providing high charging 
energy E c = (2e) 2 /2C > Ej. Second, to enable the qua- 
sicharge q be a well-defined quantity, the system should 
be current biased. The periodic charging/discharging of 
the junction leads to Bloch-type oscillations manifest- 
ing as peculiar back-bended I — V characteristic. Ex- 
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ternal RF radiation can be synchronized with the inter- 
nal charge oscillations leading to singularities at quan- 
tized values of current /„ = 2e x fpp x n. So far only 
rather broad n = 1 singularities have been reported in 
ultra-small J Js 14j . Indirectly, the presence of Bloch os- 



cillations has been demonstrated in another Josephson 
device - Cooper pair box, where the injection of current 
I through the capacitively coupled gate resulted in for- 
mation of narrow side bands Jb = I/2e in the spectrum 
of the reflected RF signal [lsl ]. 

Observation of the dual effect - the charge phe- 
nomena in a QPSJ - requires sufficiently high rate 
of quantum fluctuations Eqps exceeding the energy 
El = $q/2L, associated with the system inductance L. 
Here the superconducting flux quantum <£> = 2.07 x 
10- 15 Wb, E QPS = A(R Q /R N )(L/£) 2 exp(-S QPS ), 
Sqps — A(Rq/Rn)(L/£), the numerical factor A ~ 1, 
Rn is the normal state resistance of the wire with length 
L, and £ is the superconducting coherence length [16| . 
17]. If Sqps 1 the rate of QPSs is small and the 
nanowire exhibits almost conventional superconducting 
properties: vanishingly small resistance below the critical 
current I c . In the opposite limit Sqps — 1 the quantum 
fluctuations are strong and, being current biased, such 
a (superconducting!) nanowire below the certain critical 
voltage SVcb should demonstrate the insulating state - 
the Coulomb blockade. Note that the model [lrjj ]. [l3| de- 
scribes the impact of rather weak quantum fluctuations: 
i.e. Sqps 3> 1, and has been proven to be in a good 
quantitative agreement with experiments 0], In the 
opposite limit Sqps — 1, which is of primary interest 
for the present paper, strictly speaking, utilization of the 
model 0, H3 requires further justification. 

The presence of Coulomb blockade in NbSi nanowires 
has been reported [ijj . fl9j . However in this extreemly 
high-Ohmic and strongly disordered superconductor the 
presence of weak links forming a chain of JJs cannot be 
ruled out completely. In our work we study titanium 
nanostructures, where it has been already demonstrated 
that below the effective diameter cr 1 / 2 ~ 50 nm the rate 
of QPSs is sufficiently high to broaden the R(T) phase 
transition in nanowires (with low-Ohmic environment) 
8] and to suppress the persistent currents in nanorings 
9(. The samples were fabricated using the same tech- 
nique described in our earlier papers [2(J, [2l[, Q, 0. 
High-Ohmic probes were fabricated either from slowly 
evaporated at high angle titanium, showing no traces of 
superconductivity down to 20 mK, or - from bismuth 
(Fig. 1) with resistance up to R p ~ 50 MQ enabling re- 
liable current biasing of the titanium QPSJ. The exten- 
sive microscopic (SEM, TEM and AFM) and elemental 
(TOF-ERDA) analyses @], Q revealed rather conven- 
tional polycrystalline structure of the samples without 
obvious structural defects and with the surface rough- 
ness ± 2 nm. The presence of an extended network of 
weak links, blocking the metal-to-metal electric current, 
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FIG. 2: (Color online). All-titanium structure: the nanowire 
length L = 20 /im, cr 1/2 = 40 ± 2 nm and R p ~ 15 fefi. 
dV/dI(I) in presence of external RF radiation with frequency 
/rf ~ 1 GHz at T = 70 mK. Arrows indicate the posi- 
tions of the expected current singularities /„ = 2e x fnp x n. 
Inset: positions of the first current singularity 7i (left axis, 
circles) and the corresponding voltage Vi (right axis, stars) as 
function of the RF frequency }rf- Note the acceptable linear 
fit (solid line) for the current singularities, while absence of 
any rationality for the Vi(/rf) dependency, which one might 
expect in case of a conventional Shapiro effect. 



looks rather unlikely 

At a given temperature T < T c the relatively thick 
samples with diameter a 1 / 2 ~ 40 nm and low-Ohmic 
probes with R p ~ 15 kfl indeed demonstrate weak 
Coulomb blockade with the zero-bias conductivity lower 
than at a finite bias, but higher than in the normal state 
(Fig. 2). The observation indicates that in these samples 
with parameter Sqps — 14 and the associated energy 
Eqps — 0.1 jj,eV the residual superconductivity 'wins' 
over the charge effects poorly resolved at realistically ob- 
tainable temperatures. Application of external RF radi- 
ation stimulates weak non-linearities on the dV/dl de- 
pendencies at currents /„ = 2e x fpp x n (Fig. 2). 
Note that the corresponding positions in voltage scale 
V n {fnp) do not form any rational Shapiro pattern (Fig. 
2, inset) to be present in a conventional Josephson sys- 
tem. Thinner cr 1 / 2 ~ 24 nm samples with relatively high- 
Ohmic R p ~ 10 MO probes exhibit clear Coulomb block- 
ade with the gap SVcb — 0.6 mV (Fig. 3a) correspond- 
ing to the estimation SVcb — Eqps with parameters de- 
duced from the earlier experiments on similar titanium 
nanowires At small bias currents I < 50 pA the 
V — I characteristics of all three samples demonstrate 
discontinuity-type switching from the current-carrying 
to the insulating state. Such behavior is expected due 
to the non-single- valued I-V dependency [12], 13 1. The 
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Coulomb gap can be quasi-periodically modulated by the 
gate potential 8Vcb{Vgate) with the 'RF antenna' elec- 
trode used as a DC gate (Fig. 3a, left inset). The period 
of the gate modulation is in a reasonable agreement with 
the geometry of the experiment resulting in the highest 
amplitude and the smallest period for the closest to the 
gate Sample #23, and - larger period for the remote Sam- 
ple #1. The Coulomb gap decreases with temperature 
and disappears at the critical temperature of bulk tita- 
nium (Fig. 3a, right inset). At a given (low) temperature 
the Coulomb gap can be eliminated by application of suf- 
ficiently strong magnetic field. External radiation with 
frequency fnF generates peculiarities on FV characteris- 
tics at positions I n — 2e x fpp x n (Fig. 3b). Electro- 
dynamics of a JJ and a QPSJ is qualitatively indistin- 
guishable. Association of our results with one of those 
two systems requires extra information. However, the 
explanation based on a conventional single electron tran- 
sitor (SET) effect, due to accidental formation of tunnel 
junction(s) in the titanium nanowires, most likely, is not 
credible. First, the microscopic and elemental analyses 
do not reveal any presence of weak links Q, @. Sec- 
ond, the effective capacitance C e //, defining the charg- 
ing energy (2e) 2 /(2C e //) = SVcb, is about two orders 
larger than of a hypothetical parallel-plate capacitor to 
be formed in a break of a nanowire with ~ 20 nm di- 
ameter. Third, if nevertheless unintentionally the junc- 
tions were formed, it would be very unrealistic that they 
provide basically the same charging effect in each of the 
three samples: SVcb — 0.6, 0.7 and 0.8 mV, respec- 
tively (Fig. 3a). And forth, the Coulomb gap disappears 
above the critical temperature and magnetic field for tita- 
nium. The observation does not support the interpreta- 
tion based on existence of rogue tunnel junctions, which 
would otherwise enable some residual Coulomb effects 
in the normal state. Note that the observed Coulomb 
gap 2e x SVcbI^b corresponds to temperature of sev- 
eral Kelvin, which is order of magnitude higher than the 
temperature where the last traces of the Coulomb gap 
disappear (Fig. 3a, right inset). Summarizing, in both 
types of structures (Figs. 2 and 3) the existence of un- 
intentionally formed tunnel junction(s) is highly improb- 
able, and the charge phenomena most likely originate 
from the QPSs providing the 'dynamically driven' equiv- 
alent of a JJ - the QPSJ. The thinnest nanowires with 
the effective diameter c 1 / 2 < 18 nm and the parameter 
Sqps — 1 demonstrate very pronounced back-bended 
I — V characteristic with the RF induced singularities 
up to n — 8 (Fig 4). However, the large value of the 
Coulomb gap (Fig. 4a, left inset), which does not dis- 
appear above the T c of superconducting titanium, leads 
to a conclusion that, though unintentionally, some weak 
links were formed. Note that all RF-induced singulari- 
ties disappear above 200 mK, while the size-dependent 
critical temperature of the thinnest samples is expected 
to be below 250 mK [8]. At higher frequencies Jhf the 
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FIG. 3: (Color online). Multiterminal titanium nanostructure 
with three adjacent nanowires each with length L = 20 fim, 
a- 1 / 2 = 24 ± 2 nm and R p ~ 10 Mil bismuth contacts, (a) 
The I — Vs demonstrate the Coulomb blockade for all three 
neighboring parts of the same nanostructure. Arrows indi- 
cate the direction of the current sweep. The Coulomb gap 
SVcb decreases with increase of the temperature and disap- 
pears above ~ 450 mK (right inset). Application of the gate 
voltage Vgate quasi-periodically modulates the Coulomb gap 
(left inset), (b) Application of external radiation with the 
frequency Jrf generates non-monotonous peculiarities at po- 
sitions I n — 2e x /rf x n. Inset: schematics of the structure. 



rich structure develops at the I — V dependencies (Fig. 
4b). The positions of the singularities form the regular 
pattern (Fig. 4c): I(n, m) = e x (n/m) x /rf, where the 
principal steps (to = 1) with n=l,2,3,4... can be asso- 
ciated with single electron transport, while the even ones 
with n = 2, 4, 6 ... - also with Cooper pairs. First single 
electron sub-harmonic n = 1 and to = 2 (step 1/2) is 
also resolved. Co-existence of superconducting and sin- 
gle electron Bloch steps has been earlier reported in JJs, 
though only for n = 1 [23]. Remarkably the dependence 
of the step width 8V n on amplitude of the RF signal 
Vrf is essentially non-monotonous (Fig. 4b, inset) fol- 
lowing the theoretical prediction SV n ~ (— Jtl{Vrf): 
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where J n is Bessel function 23]. Interpretation of the 
thinnest sample data (Fig. 4) is less straightforward. 
The nanowire sheet resistivity Rjj from 0.4 to 1.9 fcfi is 
still on the metallic side of the metal-to-insulator tran- 
sition. Coulomb effects in titanium have been observed 
so far in deliberately oxidized nanowires with noticeably 



higher resistivity |24{, [25j. However, the finite Coulomb 



gap above the T c requires the existence of tunnel bar- 
rier (s), presumably unintentionally formed at the over- 
lapping regions with bismuth contacts. The observed 
Coulomb gap (Fig. 4a) can be simulated by a chain ~ 10 
parallel-plate capacitors with the area a = 15 x 15 nm 2 
separated by a 1 nm vacuum barrier. Note that forma- 
tion of parallel junctions does not alter the Coulomb gap 
26]. Hence, the major part of the 20 fim long high- 
Ohmic nanowires is metallic and the QPS contribution 
should not be disregarded. If the same number of junc- 
tions would be responsible for the Coulomb blockade and 
the Bloch oscillations, then the values SV n for the steps 
0/1 and 2/1 should be comparable |23[, which is not the 
case (Fig. 4b, inset). One may conjecture that several se- 
rially connected junctions are responsible for the (large) 
Coulomb gap, while smaller number of 'active' elements 
- for the Bloch steps. Those serially connected junctions 
act as an additional high-impedance environment. Given 
the equivalence of the quantum dynamics of a JJ and a 
QPSJ, our data cannot distinguish whether that 'active' 
element is a static J J, or a driven by quantum fluctua- 
tions dynamic QPSJ. However, whatever is the case, our 
experiment is the clear evidence of Bloch oscillations. It 
has been suggested that the proximity of a nanostructure 
material to superconductor-to-insulator transition (SIT) 
actively studied in 2D systems 



23, |28|, 129J, [31 



(SIT), 

1, m 



facilitate observation of the coherent QPS contribution 
Our present results on Ti nanowires indicate that 
the SIT is not the mandatory requirement for observation 
of the Coulomb phenomena in QPS-driven nanowires. 
The resistivity of the samples is relatively low being on 
the metal side of the metal-to-insulator transition. 

The presence of the charge effects both in thicker, es- 
sentially metallic structures (Figs. 2 and 3), and in the 
thinnest ones (Fig. 4), where several tunnel junctions 
might have been unintentionally formed, supports the 
universality of the phenomena originating from the fun- 
damental duality of QPS and Josephson systems. In ad- 
dition to the importance of the discovery for basic sci- 
ence, the observation of the Bloch singularities relating 
the current /„ and frequency fnp through the univer- 
sal relation /„ = 2e x n x f RF: can be considered as 
the proof-of-principle demonstration of the qualitatively 
new approach to the important metrological application - 
the quantum standard of electric current. Certainly, the 
demonstrated accuracy (Fig. 4c) is not yet sufficient for 
practical metrology. However, the high absolute values 
of the currents /„ are very encouraging: they reach the 
nA range (Figs. 2 and 4) and by far exceed the alterna- 
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FIG. 4: (Color online). Multiterminal nanostructure with 
each nanowire length L — 20 am and the high-Ohmic bis- 
muth contacts, (a) Sample #3 with a 1 ^ 2 = 15 ± 3 nm and 
Rn ~ 1-5 MO. Zoom of the I — V characteristic at the 
transition point from insulating to current-carrying state at 
Jrf = 50 MHz and two amplitudes Vrf of the RF signal. 
Arrows indicate the positions of the expected current singu- 
larities I n = 2e x fuF x n. Note the characteristic back-bended 
shape of the I — V dependence: the 1 Bloch nose\ Left inset: 
larger scale I — V characteristics of the three adjacent sections 
of the same nanostructure. Arrows indicate the directions of 
the current sweep. Right inset: dV/dI(I) at /ff = 350 MHz. 
(b) Sample #1 with cr 1/2 = 12 ± 4 nm and _Rjv w 2.5 MQ. 
Magnified view of the current singularities at /rf = 3.8 GHz. 
Arrows indicate the positions of the expected current steps. 
Inset: dependence of the step width SV on RF magnitude for 
the first Cooper pair singularity (2/1) and the Coulomb gap 
(0/1). Note that for the Coulomb gap the scale is reduced by 
factor of 10. (c) Positions of the current singularities I n . m as 
functions of the RF frequency Jrf. 
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tive single electron solutions barely providing ~ 10~ u A 
currents 32j. The progress in the topic has the strong 
potential to revolutionalize the modern metrology. 

The authors would like to acknowledge D. Averin, D. 
Haviland, L. Kuzmin, Yu. Nazarov, A. Zaikin and A. 
Zorin for valuable discussions and L. Lcino for help with 
SPM analysis. The work was supported by the Finnish 
Technical Academy project DEMAPP and Grant 2010- 
1.5-508-005-037 of Russian Ministry of Education and 
Research. 



* Electronic address: Konstantin.Arutyunov@phys.jyu.fi 
[1] K. Arutyunov, D. Golubev, and A. Zaikin, Physics Re- 
ports 464, 1 (2008). 

N. Giordano, Phys. Rev. Lett. 61, 2137 (1988). 
A. Bezryadin, C. N. Lau, and M. Tinkham, Nature 404, 
971 (2000). 

M. Tian, N. Kumar, S. Xu, J. Wang, J. S. Kurtz, and 
M. H. W. Chan, Phys. Rev. Lett. 95, 076802 (2005). 
F. Altomare, A. M. Chang, M. R. Melloch, Y. Hong, and 

C. W. Tu, Phys. Rev. Lett. 97, 017001 (2006). 
M. Zgirski, K.-P. Riikonen, V. Touboltsev, and K. Aru- 
tyunov, Nano Letters 5, 1029 (2005). 
M. Zgirski, K.-P. Riikonen, V. Touboltsev, and K. Y. 
Arutyunov, Phys. Rev. B 77, 054508 (2008). 
J. S. Lehtinen, T. Sajavaara, K. Y. Arutyunov, M. Y. 
Presnjakov, and A. L. Vasiliev, Phys. Rev. B 85, 094508 
(2012). 

K. Arutyunov, T. Hongisto, J. Lehtinen, L. Leino, and 
A. Vasiliev, Sci.Rep. 2, 213 (2012). 

O. V. Astafiev, L. B. Ioffe, S. Kafanov, Y. A. Pashkin, 
K. Y. Arutyunov, D. Shahar, O. Cohen, and J. S. Tsai, 
Nature 484, 355 (2012). 

J. Mooij and Y. V. Nazarov, Nature Physics 2, 169 
(2006). 

D. V. Averin, A. B. Zorin, and K. K. Likharev, Zh. Eksp. 
Teor. Fiz. 88, 692 (1985). 

K. Likharev and A. Zorin, Journal of Low Temperature 
Physics 59, 347 (1985). 

L. S. Kuzmin and D. B. Haviland, Phys. Rev. Lett. 67, 



[2 
[3 

[4] 
[5] 

[8 

[9; 

[10 



[11 

[12 

[13; 
[14 



[15 

[is; 

[17 

[is; 

[19 

[20 

[21 

[22 
[23 
[24 
[25 

[26 
[27 

[28 
[29 
[30 

[31 

[32 



2890 (1991). 

F. Nguyen, N. Boulant, G. Ithier, P. Bertet, H. Pothier, 
D. Vion, and D. Esteve, Phys. Rev. Lett. 99, 187005 
(2007). 

A. D. Zaikin, D. S. Golubev, A. van Otterlo, and G. T. 
Zimanyi, Phys. Rev. Lett. 78, 1552 (1997). 

D. Zaikin, D. Golubev, A. van Otterlo, and G. Zimanyi, 
Fiz. Nizk. Temp. 41, 226 (1998). 

T. van der Sar, Master's thesis, Delft University of Tech- 
nology, the Netherlands (2007). 

T. T. Hongisto and A. B. Zorin, Phys. Rev. Lett. 108, 
097001 (2012). 

M. Savolainen, V. Touboltsev, P. Koppinen, K.-P. Riiko- 
nen, and K. Y. Arutyunov, Applied Physics A 79, 1769 
(2004). 

M. Zgirski, K.-P. Riikonen, V. Tuboltsev, P. Jalkanen, 
T. T. Hongisto, and K. Y. Arutyunov, Nanotechnology 
19, 055301 (2008). 

L. S. Kuzmin and Y. A. Pashkin, Physica B: Condensed 

Matter 194-196, Part 2, 1713 (1994). 

D. Averin and A. Odintsov, Fiz. Nizk. Temp. 16, 16 

(1990). 

V. Schollmann, J. Johansson, K. Andersson, and D. B. 
Haviland, Journal of Applied Physics 88, 6549 (2000). 
J. Johannson, V. Schllmann, K. Andersson, and D. B. 
Haviland, Physica B: Condensed Matter 284-288, Part 
2, 1796 (2000). 

U. Geigenmiiller and G. Schon, Europhys. Lett. 10, 765 
(1989). 

T. I. Baturina, A. Y. Mironov, V. M. Vinokur, M. R. 
Baklanov, and C. Strunk, Phys. Rev. Lett. 99, 257003 
(2007). 

V. Vinokur, V. Baturina, M. Fistul, A. Mironov, B. M., 
and C. Strunk, Nature 452, 613 (2008). 
M. V. Feigel'man, L. B. Ioffe, and M. Mezard, Phys. Rev. 
B 82, 184534 (2010). 

B. Sacepe, T. Dubouchet, C. Chapelier, M. Sanquer, 
M. Ovadia, D. Shahar, M. Feigel'man, and L. Ioffe, Na- 
ture Physics 7, 1745 (2011). 

M. Chand, G. Saraswat, A. Kamlapure, M. Mondal, 
S. Kumar, J. Jesudasan, V. Bagwe, L. Benfatto, V. Tri- 
pathi, and P. Raychaudhuri, Phys. Rev. B 85, 014508 
(2012). 

N. Zimmerman, Physics Today 63, 68 (2010). 



